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Emerging evidence indicates that a disruption in brain 
network organization may play an important role in the 
pathophysiology of schizophrenia. The neuroimaging fin-
gerprint reflecting the pathophysiology of first-episode 
schizophrenia remains to be identified. Here, we aimed 
at characterizing the connectome organization of first-
episode medication-naïve patients with schizophrenia. 
A  cross-sectional structural and functional neuroimaging 
study using two independent samples (principal dataset in-
cluding 42 medication-naïve, previously untreated patients 
and 48 healthy controls; replication dataset including 39 
first-episode patients [10 untreated patients] and 66 healthy 
controls) was performed. Brain network architecture was 
assessed by means of white matter fiber integrity measures 
derived from diffusion-weighted imaging (DWI) and by 
means of structural-functional (SC-FC) coupling measured 
by combining DWI and resting-state functional magnetic 
resonance imaging. Connectome rich club organization 
was found to be significantly disrupted in medication-naïve 
patients as compared with healthy controls (P = .012, un-
corrected), with rich club connection strength (P  =  .032, 
uncorrected) and SC-FC coupling (P < .001, corrected for 
false discovery rate) decreased in patients. Similar results 
were found in the replication dataset. Our findings suggest 
that a disruption of rich club organization and functional 
dynamics may reflect an early feature of schizophrenia 
pathophysiology. These findings add to our understanding 
of the neuropathological mechanisms of schizophrenia and 
provide new insights into the early stages of the disorder.
Key words:  schizophrenia/first-episode/human conne 
ctome/rich club/MRI
Introduction
Recent analyses of brain structure1,2 and function3 have 
indicated that disruptions in brain network organization 
may play an important role in schizophrenia. These find-
ings suggest that the disorder may involve a deficit of 
neural communication efficacy and information integra-
tion in the brain’s connectivity network.4
A network attribute of particular interest in the in-
vestigation of schizophrenia is the brain’s “rich club.”5 
The rich club describes a set of densely connected hub 
regions, suggested to provide an anatomical backbone 
for functional information communication and inte-
gration.6,7 Network studies have suggested that chronic 
schizophrenia is characterized by an abnormal rich club 
organization, with reduced brain connectivity among 
hub regions.8 Studies have reported rich club abnormali-
ties in schizophrenia and psychosis patients,9–11 as well 
as in subjects at high risk for the disorder12 and general 
psychosis,13 suggesting that rich club disorganization may 
be a central aspect of the neurobiological background of 
psychotic disorders.
One of the obstacles in identifying neuroimaging 
markers of schizophrenia pathophysiology is the clin-
ical heterogeneity inherent to the nature of the disorder,14 
underscoring the importance of minimizing confounding 
factors such as prior therapeutic exposure and the potential 
influence of chronicity. An important step in the investiga-
tion of neuroimaging signatures of schizophrenia is thus 
to study first-episode, medication-naïve patients whose 
medical history is short and therapy is absent. Here, we 
examined the connectome structure in first-episode (with 
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using diffusion-weighted imaging (DWI) and resting-state 
functional magnetic resonance imaging (rs-fMRI).
Methods
Participants
Two independent datasets of first-episode schizophrenia 
patients were recruited at the Department of Psychiatry, 
Xijing Hospital. This study was approved by the local 
ethics committee and all participants (or their parents for 
those under age of 18 years) gave written informed con-
sent after a full description of the aims and design of the 
study. Table 1 and the supplementary methods provide 
further details on the two datasets.
The resulting principal dataset included 42 patients with 
first-episode schizophrenia (all untreated, medication- 
naïve patients, table 1) and 48 controls.15,16 The structural 
clinical interview for Diagnostic and Statistical Manual of 
Mental Disorders, Fourth Edition, Text Revision (DSM-
IV-TR) was used, and consensus diagnoses were made 
using the available data by 2 senior psychiatrists. Each pa-
tient was assessed at the time of scanning using the Positive 
and Negative Syndrome Scale (PANSS).
The replication dataset included 39 first-episode 
patients with schizophrenia. This set included 10 un-
treated, medication-naïve patients, 29 patients with no 
more than 2 weeks of cumulative exposure to antipsy-
chotics (see table  1), and 66 age- and gender-matched 
controls. Neuroimaging data of the control subjects have 
been investigated in a prior study.16 Patients were diag-
nosed according to the DSM, Fifth Edition (DSM-5) and 
assessed at the time of imaging using the PANSS. In the 
Table 1. Demographical and Clinical Data of Participants











Age, years 25.0 ± 6.4 26.3 ± 4.1 .24a 24.6 ± 6.6 26.7 ± 5.6 .09a
Gender, male/female 24/18 22/26 .28b 21/18 39/27 .60b
Ethnicity, Han/others 42/0 48/0  39/0 66/0  
Education level, year 13.3 ± 1.7 14.5 ± 2.0 .004c 11.9 ± 3.3 16.0 ± 3.4 < .001c
Clinical
Inpatients/outpatients 41/1 NA  37/2 NA  
Duration of illness, monthd 11.3 ± 14.6 NA  13.7 ± 23.8 NA  
 PANSS total score 97.0 ± 18.5 NA  84.1 ± 12.0 NA  
 PANSS positive score 24.1 ± 8.3 NA  22.0 ± 4.7 NA  
 PANSS negative score 23.5 ± 8.3 NA  19.2 ± 6.1 NA  
  PANSS general psychopa-
thology score
49.5 ± 8.9 NA  42.8 ± 7.3 NA  
Medical
Medication, no/yes 42/0 NA  10/29 NA  
Risperidone NA NA  16 NA  
Risperidone and paliperidone NA NA  1 NA  
Risperidone and haloperidol NA NA  1 NA  
Risperidone and clozapine NA NA  1 NA  
Olanzapine NA NA  7 NA  
Paliperidone NA NA  2 NA  
Amisulpride NA NA  1 NA  
Duration of treatment, day NA NA  4.3 ± 4.5 NA  
Dose equivalent, mg/daye NA NA  5.5 ± 5.0 NA  
Note: HCs, healthy controls; NA, not applicable; PANSS, Positive and Negative Syndrome Scale.
aTwo sample t-test.
bChi-square test.
cWilcoxon Rank Sum test was performed due to the non-normal distribution of samples. The medians of education years were statisti-
cally different between two groups.
dDuration of illness was determined from onset of disease until first meeting diagnosis.
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main text, we report results obtained for the 10 untreated, 
medication naïve patients. Results relative to the whole 
replication dataset of 39 patients are reported in the sup-
plementary results.
Image Acquisition and Preprocessing
High-resolution T1-weighted MRI, DWI, and rs-fMRI 
data were obtained for both cohorts. Specific scanning 
parameters are shown in supplementary table  1. Data 
preprocessing steps8 included parcellation of the cortex 
into 68 regions according to the Desikan Killiany atlas17 
by applying the FreeSurfer (version 5.3.0) pipeline 
(https://surfer.nmr.mgh.harvard.edu) on the T1-weighted 
images. Analyses based on 114 and 219 region parcella-
tions18 showed similar results (see supplementary results). 
White matter fiber tracts were reconstructed from DWI 
images using the following procedure.19 The 64 diffusion-
weighted volumes (b  =  1000  s/mm2) and the obtained 
b = 0 volume were realigned and corrected for small head 
movements and gradient-induced distortions.20 The dif-
fusion profile within each voxel was reconstructed using 
generalized q-sampling imaging (GQI),21 and fractional 
anisotropy (FA) maps were computed from fitting a 
single tensor.22 White matter tracts were reconstructed 
using deterministic tractography using Fiber Assignment 
by Continuous Tracking (FACT).23 Deterministic trac-
tography has been shown to be a suitable method for 
reconstructing the connectome by means of the use of 
simulated connectome phantoms24 and by means of com-
parison to animal tract-tracing data.25,26 Eight streamline 
seeds were started within each white matter voxel and 
tracking continued until the streamline reached a voxel 
of low FA (<0.1), exited the white matter mask, or made 
a sharp turn (>45°).
rs-fMRI processing included volumes’ realignment, 
coregistration to T1-weighted image, detrending, regres-
sion for nuisance signals (including 6 head motion param-
eters, ventricle, and white matter signals), motion scrubbing 
(framewise displacement [FD] > 0.25, dynamic variability 
[DVARS] > 1.5),27 and band-pass filtering (0.01–0.1 Hz). 
Results obtained from rs-fMRI data including global signal 
regression are reported in supplementary results.
Further details on data preprocessing procedures are 
described in the supplementary methods.
Brain Network Construction
Structural Networks. Structural networks were con-
structed for each subject by combining the collection 
of  the reconstructed tractography streamlines with 
the cortical parcellation (see supplementary methods). 
Network nodes were defined as the parcellated 68 cor-
tical regions and connected by network edges when 
linked by reconstructed streamlines, with the number 
of  streamlines (NOS) taken as connection weight of 
the connecting edge. Streamline volume density (SD) 
obtained by dividing the NOS by the average cortical 
volume of  the connected regions was also examined to 
correct for potential effects of  changes in cortical vol-
ume.5,28 FA was also examined, providing information 
on microstructural organization of  white matter con-
nections (supplementary results). The reconstructed 
network was not thresholded and all analyses were per-
formed based on the weighted networks as advised.29,30
Functional Networks.  Regional time series were extracted 
from the preprocessed fMRI data by averaging the time 
series of all voxels within a cortical region. Interregional 
functional connectivity was calculated as the Pearson’s 
correlation coefficient between the regional time series of 
all the 68 cortical regions (see supplementary methods for 
details). Structural and functional connectivity networks 
as constructed and analyzed in the current study are 
available for download at http://www.connectomelab.org.
Graph Theoretical Metrics
Global Network Structure. Graph theoretical metrics were 
calculated to characterize the network organization of 
the anatomical brain network. Network analysis included 
the computation of connectivity strength, network den-
sity, clustering coefficient, shortest path length, and nor-
malized clustering coefficient γ and shortest path length λ 
with respect to 1000 randomized networks.31 Graph met-
rics were computed on individual structural brain net-
works for NOS, SD, and FA weights (see supplementary 
methods for details).
Rich Club Organization.  The weighted rich club coefficient 
Φw(k) was computed for a range of degree values k. Φw(k) 
was taken as the sum of the weights of the edges’ subset 
E>k, with E>k the set of edges between nodes with degree > 
k in the network, divided by the sum of the weights of the 
strongest |E>k| connections of the whole network (|.| indi-
cating the cardinality of the set).5,32 The normalized rich 
club coefficient Φnorm(k) was computed as the ratio between 
Φw(k) in the brain network and the mean Φrandom(k) across 
1000 random networks (see supplementary methods).
Functional Connectivity
Pearson’s correlation was used to assess the level of struc-
tural-functional coupling (SC-FC coupling) between the 
strength of structural connectivity and the corresponding 
functional connectivity values across all reconstructed 
brain connections. Structural connectivity weights (NOS 
and SD) were resampled to Gaussian distributions.28
Statistical Analysis
Permutation testing (10  000 permutations) was used to 
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strength, SC-FC coupling, and other characteristic graph 
metrics. For each permutation, subjects were randomly 
assigned to two groups with the same size of the orig-
inal patients and controls groups. Next, the between-
group difference of the metric of interest between the 
randomized groups was computed to generate a null 
distribution. Based on the obtained null distribution, a 
P-value was assigned to assess the extent of alteration 
in the graph metric of interest in patients compared to 
controls,8 according to the proportions of random per-
mutations that exceeded the empirical value of the metric 
of interest. Pearson’s correlations between graph metrics 
and clinical variables (e.g., PANSS scores, including pos-
itive scale, negative scale, general psychopathology scale, 
supplementary scores, and total scores) were computed. 
Results reaching an uncorrected P < 0.05 were reported 




Patients and controls showed similar structural network 
density, with a mean (standard deviation) of 22.4% (1.9%) 
for patients and 22.1% (2.0%) for controls (P =  .548).30 
No difference was observed between patients and controls 
on global graph metrics, suggesting a globally preserved 
topology of the brain structural network in untreated, 
first-episode schizophrenia patients.33,34 Overall connec-
tivity strength, network density, clustering coefficient, 
shortest path length (P > .310, 10 000 permutations), nor-
malized clustering coefficient γ, and normalized shortest 
path length λ (P > .252, 10 000 permutations) were found 
to be similar between groups.
Rich Club Organization
Rich club organization was observed for both healthy con-
trols and patients (normalized rich club coefficient Φwnorm 
curves of both groups are shown in figure 1A). Permutation 
analysis revealed a significantly decreased rich club coef-
ficient in patients as compared with healthy controls 
(P = .012 for degree k ranging from 16 to 23, NOS weights, 
10  000 permutations), suggesting a decreased connectiv-
ity level among rich club regions in first-episode untreated 
schizophrenia patients. Consistent findings were observed 
when including age and gender as covariates, P  =  .016, 
10 000 permutations. Performing the analysis on the struc-
tural network weighted by SD also showed a significant 
reduction of rich club connectivity in patients compared to 
controls (P = .027, 10 000 permutations).
Rich Club, Feeder and Local Connections
Rich club regions were identified at a rich club threshold 
of degree k > 18 in the group-averaged structural network, 
including bilateral superior frontal gyri, bilateral superior 
parietal lobules and insula, and left precuneus (figure 1B).5,8 
Results derived from a range of thresholds (i.e., k > 14–22) 
are shown in supplementary results. Rich club connectivity 
strength was found to be reduced in patients as compared 
Fig. 1. (A) Decreased rich club coefficient in patients (red) as 
compared with healthy controls (blue) for degree k ranging from 
16 to 23 (P = .012, 10 000 permutations, uncorrected). (B) Group-
averaged structural network for healthy controls. Rich club 
regions (red) were identified by setting the threshold as degree 
>18, including bilateral superior frontal gyri, superior parietal 
lobules, insula, and left precuneus. Connections were classified 
into 3 categories: rich club (red), feeder (orange), and local (gray) 
connections. (C) Group-averaged connectivity strength (number 
of streamlines [NOS] weighted) of the rich club (red), feeder 
(orange), and local (yellow) connections in healthy controls (dark) 
and patients (light). Error bars represent one standard deviation. 
Patients showed decreased rich club connection density in 
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with controls (NOS, P =  .032, 10 000 permutations). In 
contrast, no reduction was found for connections spanning 
between non-hub regions, i.e., feeder and local connections 
(P = .962 and .105, respectively; figure 1C), suggesting that 
the effect of brain disconnectivity was concentrated to rich 
club connections in patients. Effects remained significant 
when correcting for age and gender (P = .031, 10 000 per-
mutations). Analyses of the SD also revealed decreased 
rich club connectivity in patients compared with healthy 
controls (P = .016, 10 000 permutations).
SC-FC Coupling
Overall FC strength (average of the FC matrix) was found 
to be similar across patients and controls (P = .408, 10 000 
permutations), as was the FC strength of rich club, feeder, 
and local connections (P > .526, 10  000 permutations). 
Both patients and healthy controls demonstrated a posi-
tive correlation between overall SC and FC values, with a 
mean (standard deviation) SC-FC correlation coefficient 
of 0.271 (0.064) for patients and 0.272 (0.060) for con-
trols (figure  2). SC-FC coupling was similar in patients 
compared to controls (P  =  .461, 10  000 permutations). 
Considering the distinct connection categories, a signifi-
cantly reduced SC-FC coupling was detected for rich club 
connections in patients compared to controls (P < .001, 
10 000 permutations, NOS-weighted), whereas no such dif-
ference in SC-FC coupling was found in feeder (P = .865) 
and local (P = .414) connections (figure 2). Similar effects 
were found when correcting for age and gender (P < 
.001, 10 000 permutations) and when using SC networks 
weighted by SD (P < .001, 10,000 permutations).
Correlation between Network Organization and Clinical 
Variables
No specific association between rich club connections’ 
strength and symptom scores was observed. In patients, 
the strength of feeder connections was found to be neg-
atively correlated with PANSS positive score (NOS, 
r = −0.34, P = .030) and total score (r = −0.35, P = .022), 
suggesting that patients with weaker feeder connections 
may have more severe symptoms, especially with regard 
to positive symptoms. Strength of local connections was 
negatively correlated with PANSS positive score (NOS, 
r = −0.32, P = .043) and negative score (NOS, r = −0.36, 
P = .019) (figure 3). No specific correlation was found for 
SD connectivity.
Machine Learning Disease Classification
To explore the performance of classification using con-
nectome measurements, we trained a quadratic support 
vector machine (SVM, see supplementary methods) 
based on structural connectivity strength and SC-FC 
coupling of rich club connections (see supplementary 
methods). Using five-fold cross-validation, we obtained 
a prediction accuracy of 73.3% (sensitivity  =  76% and 
specificity = 71%; supplementary figure 4).
Replication Dataset
Patients’ rich club effects were validated using the replica-
tion dataset. The cortical rich club was taken as the same 
set of regions as in the principal dataset (the two data-
sets showed high consistency in rich club organization, 
see supplementary results). Patients (10 medication-naïve 
patients; results for the full replication dataset including 
29 additional patients with a short medication history are 
shown in supplementary results) again showed a signifi-
cant reduction in rich club connectivity strength compared 
with healthy controls (NOS, P =  .021, 10 000 permuta-
tions), with no difference observed in feeder (P =  .394) 
or local (P = .602) connections (figure 4). Examining the 
SD of rich club connections showed similar results (rich 
club connectivity P = .015, 10 000 permutations). A mar-
ginal effect of reduced SC-FC coupling was observed for 
rich club connections (P = .048), with no effect for feeder 
(P = .713) and local (P = .921) connections.
Discussion
We investigated brain network organization in a sample of 
untreated, medication-naïve first-episode schizophrenia 
Fig. 2. SC-FC coupling in healthy controls (dark) and patients (light) for all connections, rich club connections (P < .001, 10 000 
permutations, false discovery ratio [FDR] corrected), feeder connections (no effect), and local connections (no effect). Error bars 
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patients. Rich club organization and structure-function 
coupling of rich club connections were found to be al-
tered in patients compared to controls, suggesting that 
rich club organization may be already impaired in the 
early stages of schizophrenia.
Previous studies have noted the potential influence of 
medication on brain network findings in schizophrenia.11 
In the current study, we took extra care to rule out med-
ical and therapeutic effects by examining first-episode, 
medication-naïve patients. Our results suggest that the 
impairment of rich club organization directly relate to 
schizophrenia independently from possible confounding 
factors, advancing our understanding of the disease 
mechanisms during the early stages of the disorder.
Previous studies have reported aberrant rich club con-
nectivity and functional brain dynamics in European 
chronic schizophrenia patients.8 Similar findings have 
been reported in a cohort of North American chronic 
schizophrenia patients9 and, recently, in a large sample 
of Australian patients with schizophrenia or schizoaffec-
tive disorder.10 Our study consolidates and extends these 
previous findings by showing an alteration of rich club 
organization in a cohort of Chinese patients and further 
underscores the cultural ubiquity of the biological under-
pinnings of schizophrenia.
Studies examining brain abnormalities in first-episode 
schizophrenia have reported fiber tract disruptions in 
the anterior limb of internal capsule,35,36 cingulum,37 and 
anterior corona radiate.38–41 The rich club regions identi-
fied in this study, i.e., the bilateral superior frontal gyri, 
superior parietal lobules, and insula, as well as the pre-
cuneus, are located in parts of the brain interconnected 
by the abovementioned white matter tracts.42,43 Rich club 
disruption is coherent with previous findings on schizo-
phrenia patients8,12 and suggests that brain network 
alterations may be concentrated around the centrally 
connected areas of the human brain.10,42,43 In such highly 
connected fronto-parietal areas, myelination has been 
suggested to continue postnatally until the third decade 
of life,44,45 which overlaps with the most frequent period 
of schizophrenia onset, occurring mostly in the early- to 
mid-20s for men and late-20s for women.46 Therefore, 
our observed structural rich club findings in first-episode 
Fig. 4. Replication dataset. Patients showed reduced rich club 
connection strength compared with healthy controls (NOS, 
P = .021, 10 000 permutations, uncorrected). No difference 
was observed in feeder (P = .394) and local connections 
(P = .602). Error bars represent one standard deviation and 
asterisk indicates significance.
Fig. 3. Feeder connections (NOS) were negatively correlated with (A) PANSS positive score (r = −0.34, P = .030, uncorrected) and (B) 
total score (r = −0.35, P = .022, uncorrected) in patients. Local connections (NOS) were negatively correlated with (C) PANSS positive 
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patients may indirectly reflect an important neurodevel-
opmental feature of schizophrenia.
With converging evidence pointing to a rich club white 
matter impairment in both early and chronic stages of 
schizophrenia, a critical next step will be to determine 
and assess the potential value of these features in clini-
cal applications. “Radiomics,” defined as “the conversion 
of images to higher-dimensional data and the subsequent 
mining of these data for improved decision support,”47 
represents the next step in promoting the translation48 of 
brain connectome-based features to diagnosis and pre-
diction for schizophrenia. A radiomics analysis involves 
the high-throughput extraction of meaningful measures 
(such as rich club connectivity) from medical images to 
support clinical decision processes.47 Previous studies 
have suggested that gray matter abnormalities in schizo-
phrenia are frequent, but quite heterogeneous across 
patients,49 potentially limiting the contribution of gray 
matter features as a single biomarker for the disorder. 
Using machine learning techniques as a post-hoc analy-
sis, we demonstrated the potential validity of individual 
rich club organizations (supplementary figure 3) for the 
classification of first-episode schizophrenia patients (see 
supplementary methods). Recent findings have shown 
that functional connectome organization may be an 
important source of information to predict the conver-
sion to psychosis in a high-risk population.50 Future stud-
ies combining multi-modal neuroimaging features may 
facilitate the identification of schizophrenia and further 
improve psychiatric care.
Several comments regarding the used methods and 
results need to be addressed. First, examining first-epi-
sode schizophrenia patients, we obtained some distinct 
results compared to previous studies examining chronic 
schizophrenia8–10 A  decrease in SC-FC coupling was 
found in rich club connections in first-episode patients 
in our study, while an increase in SC-FC coupling in 
whole-brain connections has been observed in treated, 
chronic schizophrenia patients.8 The heterogeneity of 
these findings could reflect the effects of  medication 
and/or of  the clinical history of  the patients, but fur-
ther investigation is warranted. Investigating the whole 
replication dataset (10 medication-naïve and 29 treated 
patients) did not reveal alterations in rich club SC-FC 
coupling (P = .102 for NOS and .113 for SD). A second 
comment concerns the use of  diffusion-weighted MRI 
and deterministic tractography to reconstruct cortico-
cortical white matter pathways, as these methods are 
well-known to have several caveats regarding the re-
construction of  complex oriented pathways.51 We used 
a common clinical DWI protocol with a single b-value 
of  1000  s/mm2, which might be insufficient to resolve 
complex crossing fibers in the tractography.35,52,53 The 
use of  higher magnetic field strength, higher b-value, 
more diffusion directions, and methods suitable for 
the reconstruction of  complex fiber orientations (e.g., 
probabilistic tractography54 or constrained spherical 
deconvolution52,53) may result in better reconstruction 
of  white matter fiber pathways. Third, head move-
ments during fMRI acquisition have been argued to be 
an important source of  spurious signals in functional 
connectivity studies.27,55 In this study, we performed 
scrubbing to reduce the effect of  head motion, and in-
cluding the head movement measures and number of 
scrubbed frames as covariates to the group-compar-
ison statistical analyses revealed consistent findings 
(see supplementary results). Fourth, brain network 
architecture was characterized by means of  graph the-
oretical metrics that have received large consensus in 
clinical connectome literature.56–59 Nevertheless, it has 
been noted that graph metrics can be highly correlated 
in real-world networks60 and new network measures 
are continuously proposed.61,62 Future research apply-
ing advanced network measures could bring further 
insights into the characteristics of  brain network altera-
tions in early schizophrenia and the clinical diagnosis.
This study shows a reduced level of structural rich 
club connectivity in first-episode schizophrenia patients 
with no or limited medication history. We suggest that 
connectome features including rich club impairment re-
flect pathophysiological processes occurring early in the 
course of schizophrenia, independently from the medica-
tion history of the patients. Our results are important for 
advancing our understanding of the neuropathological 
mechanisms of first-episode schizophrenia. They add im-
portant empirical support for the use of individual con-
nectome organization as a potential marker for disease 
classification.
Supplementary Material
Supplementary data are available at Schizophrenia 
Bulletin online.
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